We attempted to measure sodium and water spaces in the lungs before and after pulmonary edema produced in dogs by increasing pulmonary capillary pressure or by alloxan. We employed a technique depending on the difference in transit times through the lungs of tritiated water or 24 Na + , with reference to an intravascular indicator. In the control measurements, there was virtually complete recovery of the sodium indicator, but in pulmonary edema there was a significant loss. It is possible that this represents distribution of some of the 24 Na + into an extra vascular volume with an exit other than the pulmonary veins, but we would expect this to be accompanied by an equivalent amount of tritiated water. Since there was complete recovery of tritiated water in pulmonary edema, it seems more likely that the sodium loss represents binding by some extravascular locus and may be related to the extent of alveolar wall injury.
ABSTRACT
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• An interesting quality of the pulmonary alveolar wall is its relative impermeability to sodium ion as compared with water. This and other permeability characteristics of the pulmonary blood gas barrier have been extensively reviewed by Chinard (1) . Relative impermeability to sodium is the case whether the ion is introduced into the pulmonary blood stream or is put into the conducting airways and detected in the blood flowing from the lung. It seems unlikely that this represents a peculiar quality of the alveolar capillary wall itself; it is more likely related to the intimate relationship of the capillary endothelium to the overlying alveolar epithelial layer which makes up part of the pathway. Taylor and associates (2) have measured the permeability coefficients of various substances in isolated perfused lung lobes and have found a value for sodium similar to values published for other living cellular membranes. We investigated permeability of the alveolar wall to sodium and water in experimental pulmonary edema because an increase in permeability to sodium ion might provide the basis for a better technique for quantifying pulmonary edema than the tritiated water method we have used previously (3, 4) . An increased permeability to sodium ion could be detected since the sodium space would become significantly larger than the intravascular space and would approach the size of the extravascular water space. If the sodium space was not detectably greater than the simultaneously measured intravascular space, the osmotic forces of sodium and other ions would have to be added to those of the plasma proteins to keep the lungs free of edema. However, if there was an apparent loss of the sodium indicator, the sodium space 816 PEARCE could not be calculated from the product of mean transit time and pulmonary blood flow Anatomical investigations of pulmonary edema in rapidly frozen lungs (4) show that filling of the interstitial connective tissue compartments around the large blood vessels and airways is an important step in the events preceding alveolar filling. It has recently been shown (5) that lung edema does not appear at a constant rate proportional to the imbalance of the forces in the Starling equation. Studies of Levine et al. (5) suggest that extravascular water increases slowly at first and later more rapidly, although the hydrostatic-osmotic gradient is kept constant. This may be because edema fluid is disappearing into low-pressure interstitial and lymphatic sumps that are not adequately measured by the double-isotope technique. However, it is likely that this anomaly is real and due to a change in some part (or all) of the alveolar wall, the K in the Starling equation.
Two types of pulmonary edema were produced. In one, alveolar capillary pressure was raised by expanding blood volume and then infusing epinephrine. In the other, edema was produced by injuring the alveolar capillary wall with alloxan. The plan of the study was to measure tritiated water and 24 Na + spaces and their recovery and compare them with an intravascular reference ( 131 I-tagged human albumin), before and after the production of pulmonary edema by these two methods.
Methods
The methods have been previously described (3) . Briefly, mongrel dogs weighing 15 to 30 kg were anesthetized with morphine, 1 mg/kg sc, followed in one-half hour by chloralose, 100 mg/kg iv. A cuffed endotracheal tube was inserted, and artificial respiration with 100% oxygen was provided by a Harvard respiratory pump. Paralytic drugs were not used. Respiratory rate and tidal volume were maintained so that the arterial Pco 2 was kept in the range of 30 to 40 mm Hg. The lungs were inflated to 25 cm water pressure every 5 minutes to avoid atelectasis. Catheters were inserted in the aorta for blood collection and into the right atrium for the injection of isotopes. These were injected rapidly (<1 second) as a bolus containing 131 I-tagged human albumin, 24 Na + , and tritiated water. A third catheter was placed in the pulmonary artery to monitor pressure. In some experiments, a small polyethylene catheter was placed in the right or left main stem bronchus for the injection of isotopes. Cardiac output and the mean transit times of tagged albumin, 24 Na + , and tritiated water were measured as originally described by Chinard (1) and modified by Ramsey et al. (6) . Standards were made by adding measured amounts of injectate to baseline blood specimens and were processed with the samples drawn during the experimental runs. The 24 Na + was measured on the same blood samples used for the hat I counts. After the Na had been allowed to decay for 7 days, the samples were recounted and the residual I counts corrected for decay were subtracted from the original total counts. Sodium and water extravascular spaces were computed as the product of cardiac output and the difference in their mean transit times from I-tagged human albumin. The necessary conditions for measuring an extravascular space in this fashion have been described by Zierler (7) .
Baseline measurements were made on 13 normal dogs, and pulmonary edema was then induced in 7 by expanding the blood volume with dextran and then adding an infusion of 0.01% epinephrine and in 6 by rapid infusion of 75 mg alloxan/kg. Arterial blood Po 2 , Pco 2 , and pH were measured frequently.
Results
The data are presented in Tables 1 and 2 and show that the pulmonary edema was relatively mild. There was no increase in the extravascular water space in one of the dogs with alloxan-induced edema. Only 50 mg/kg of alloxan was given to this dog, and autopsy showed minimal pulmonary edema. Despite this, there was significantly lower recovery of 24 Na + than in the control period. There was little decline in arterial Po 2 in most experiments, and the average extravascular pulmonary water rose 1.2 ml/kg in the high-pressure edema series and 1.5 ml/kg in the alloxan series. The sodium spaces were significantly smaller than the water spaces in the control measurements. The percent recovery of indicator (ratio of area of indicator curve to area of 131 I-tagged albumin curve) was slightly but significantly smaller for 24 Na + than for tritiated water in high-pressure edema, and was much lower in alloxan-induced edema. Since Abbreviations and footnotes as in Table 1 .
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we were unable to account for all the 24 Na + , we were unable to calculate mean transit time, and thus sodium spaces, in pulmonary edema. A few recoveries of water were greater than 100% with respect to recoveries of 131 I-tagged albumin. This and one small negative value for an extra vascular 24 Na + space have to be charged to inherent inaccuracies of a method that depends on pipetting several times, isotope counting, extrapolation of data points to correct for recirculation, and computation of a volume based on the difference of two mean transit times.
In six normal dogs, three with high-pressure edema, and two with alloxan-induced edema, tritiated water and 24 Na + in 1 ml of normal saline were injected into a bronchus while arterial samples were being collected. The arterial curves for water were similar to those in which the injections were made into the pulmonary artery, while the simultaneous 24 Na + curves usually showed less than 5% of the injected sodium appearing in the arterial blood by the time there was recirculation of water (Fig. 1) . The recovery was equally poor in the presence of pulmonary edema.
Discussion
The double-indicator method of Chinard has been adequately documented as a means of measuring perivascular lung water (3, 8) and is effective before the appearance of fluid in the alveolar spaces (4). 1 It is more effective for measuring pulmonary vascular water in high-pressure than in alloxan-induced edema (3), which probably accounts for the failure of the increase in water to be significant at the .05 level in the alloxan group. The normal values of 3.5 ml/kg presented here are slightly larger than those we presented in a previous paper (3), but are close to those of Ramsey et al. (6) and Levine et al. (8) . Our original data were from an open-chest preparation, and this may account for the difference, since the pressure in the perivascular space in intact dogs is probably more subatmospheric.
On the basis of experiments in which we compared the extravascular water volume of the lung with values obtained by a gravimetric technique at autopsy we presented data suggesting that there is diffusion equilibrium for tritiated water in spaces immediately adjacent to the lung capillaries. Most of the unmeasured water is in the walls of the conducting airways and blood vessels that do not come in contact with these capillaries (3).
x The lung extravascular water was calculated as a volume from where Q is blood flow, t w is mean transit time for the water label and t B is the mean transit time for the intravascular label. The latter will vary slightly depending on whether a plasma or red cell tag is used (4) . Chinard (personal communication) suggests that a more precise expression is one which takes into account the proportion of blood that is water. A close approximation is achieved by multiplying the water values in this report by 0.806. An even more exact estimate corrects for the slight difference in transit time of red cells and plasma, their water content, and the hematocrit. Our data indicate that there is a more significant loss of the sodium indicator than of 131 I-tagged albumin or tritiated water in both types of pulmonary edema. This is particularly prominent in the case of alloxaninduced pulmonary edema, which is substantially different from high-pressure edema in other ways (4). Bauman et al. (9) have made similar observations in normal human subjects and in patients with congestive heart failure. If this loss of indicator were due to removal, as by lymphatic flow, it seems likely that the water loss would equal the sodium loss. However, there is no significant water loss and this favors sodium binding by the injured tissue. It is also suggested by the fact that sodium loss is greater in alloxan-induced edema in which there is greater tissue injury (10) .
As noted below, the loss of 24 Na + probably represents failure to measure a slowly exchanging binding site. The transit time method for computing volume corrects for recirculation by logarithmic extrapolation of the steepest portion of the descending limb of the time-concentration curve. Slowly exchanging volumes would have slower washout slopes and thus fail to be identified by this method, since the slower, later appearing slopes would not be distinguished from recirculation. The loss of 24 Na + in pulmonary edema suggests that the slowly exchanging volume for 24 Na + has increased, although it does not exclude the possibility that sodium has an outlet not available to tritiated water.
Taylor et al. measured fluxes of water and various small ions and molecules in isolated lung lobes (2) . Their data suggest that although the water flux is large, the sodium flux is about what would be expected across most living cell membranes. They found significantly larger extravascular sodium spaces than we did, and these increased in pulmonary edema, but their technique permitted perfusion and sampling for several hours. This suggests that the very small sodium space measured in our control experiments is a result of the relative impermeability of the normal alveolar epithelium (common to most living cells) and not to a limitation in its passage through the alveolar capillary itself and to the short time available for equilibration in our technique. However, in the statistical sense, the total sodium space is only slightly greater than the intravascular space, and this could mean that the normal alveolar capillaries are also impermeable to sodium.
Kisch (11) , Schulz (12) , and more recently Cottrell et al. (10) , have studied the alveolar wall in pulmonary edema by electron microscopy. We have shown by light microscopy on rapidly frozen sections that there is accumulation of edema fluid in the connective tissue and lymphatics surrounding the blood vessels and conducting airways before there is swelling of the alveolar walls and that swelling of the alveolar walls precedes alveolar filling (4) . It is likely that the early movement of edema fluid is within the alveolar walls along the three-dimensional network of alveolar wall junctions (13) . The electron microscopic studies of Cottrell et al. show that the alveolar wall in some areas consists only of a very thin layer of epithelial and endothelial cells attached to a basement membrane. In other areas, there may be an interposed interstitial space containing collagen fibers and elastic tissue. In the presence of high-pressure pulmonary edema there is widening of the interstitial space and separation of the collagen fibers without significant change of the endothelial and epithelial linings. In contrast, the dogs with alloxaninduced edema, in addition to these changes, showed considerable damage to the endothelial and epithelial layers.
Our recoveries of tritiated water and 24 Na + are compatible with the submicroscopic anatomy of the lung, including the changes in pulmonary edema. The conditions are met if tritiated water diffuses freely and reaches equilibrium in most of the alveolar wall and r-Na diffuses poorly. If we assume that there is some binding of Na to the alveolar wall, we have a plausible model for incomplete i-Na recovery in pulmonary edema, and particularly in alloxan-induced edema. There has
